Inhibin production differs in ovaries of Siberian hamsters (Phodopus sungorus) exposed to long days (LD) or short days (SD). We believe that seasonal differences in serum follicle-stimulating hormone contribute to this difference. However, given the profound photoperiodic differences in follicle maturation, serum gonadotropins alone may not account for all of the observed differences in inhibin processing. To test this hypothesis, we challenged LD and SD female hamsters with exogenous gonadotropins. While both groups responded with increased inhibin expression, the effects were muted in ovaries of SD females and there was no evidence of ovulation in these animals. These data indicate that the ovaries of SD females are not immediately equipped to respond to gonadotropin stimulation. More generally, these data suggest that photoperiodic history affects ovarian inhibin production and secretion in response to gonadotropins.
Introduction
Much of our understanding regarding inhibin regulation relies on in situ hybridization studies in which the mRNAs for the individual inhibin subunits ( , A , and B ) have been localized to individual follicles using sequencespecific probes (Meunier et al. 1988 , Woodruff et al. 1988 , Torney et al. 1989 , Engelhardt et al. 1993 , Fraser et al. 1993 , Jih et al. 1993 , Roberts et al. 1993 , Garrett et al. 2000 . It is clear that follicle-stimulating hormone (FSH) stimulates the synthesis of all three inhibin subunits in granulosa cells of antral follicles, and inhibits all three inhibin subunits in preovulatory follicles (Woodruff et al. 1987 , Richards & Hedin 1988 , Meunier et al. 1989 , Rivier et al. 1989 , Woodruff & Mayo 1990 , Michel et al. 1991 , Eramaa et al. 1994 , Drummond et al. 2000 . The mechanisms dictating the differential response of the genes to the actions of FSH are becoming more clear, especially for the -subunit. Specifically, FSH causes an increase in intracellular cAMP levels which leads to the phosphorylation of cAMP response element binding protein (CREB) and trancription via CREB-mediated interaction with a cAMP response element in the -promoter (Pei et al. 1991) . Inhibin -subunit gene expression is repressed in preovulatory follicles by FSH-mediated induction of a CREB competitive inhibitor known as the inducible cAMP early repressor (ICER) (Mukherjee et al. 1998) . Regulation of the A -and B -subunits is not as well understood, but FSH is clearly able to stimulate these subunits. However, the mechanism of stimulation seems to differ from that of the -subunit (Ardekani et al. 1998) .
Equally important to the production of inhibin is the ability to assemble and process -A or -B dimers at appropriate times during the cycle. While not originally appreciated, it is now clear that the differential regulation of the -subunits is critically important to the control of the normal reproductive cycle in polyovular as well as mono-ovular species (Fraser et al. 1995 , Woodruff et al. 1996 . Thus, the finding of differential compartmentalization of the mRNAs encoding the two -subunits (companion paper Kenny et al. 2002) may be a first step towards an understanding of these mechanisms. Inhibin A and inhibin B are synthesized as prohormones that are cleaved in order to release the biologically active C-termini of their constitutive -and -subunits (Mason et al. 1996) . The processing and cleavage of inhibin is not understood in vivo or in vitro. In the companion paper, we demonstrate that both the quantity and kind of inhibin is reduced in Siberian hamster (Phodopus sungorus) ovaries when the animals are housed in short rather than long days (Kenny et al. 2002) . Little or no mature, fully processed inhibin is detected in ovaries of females exposed to long day (LD) or short day (SD) photoperiods and the overall levels of unprocessed inhibin in the ovaries of SD females are approximately half of the unprocessed inhibin in ovaries of LD females. Inhibin synthesis is stimulated by FSH; however, it is not known whether FSH-dependent proteases that are used in the processing of the inhibin subunits are stimulated. FSH, but not luteinizing hormone (LH), is significantly higher in LD animals when compared with SD animals. Thus, the intent of this study was to investigate directly FSH stimulation of inhibin production and follicle development in Siberian hamsters housed under different photoperiods. Interestingly, FSH alone is not sufficient to induce full inhibin processing in SD hamsters, suggesting that additional environmental or hormonal cues are necessary to induce mature levels of inhibin production.
Materials and Methods

Animals and experimental procedures
Animals were housed as described in the companion paper (Kenny et al. 2002) . Two animal groups were analyzed. Twenty-two-day-old, LD hamsters (exposed to 16 h light:8 h darkness) and 7-week-old SD hamsters (exposed to 6 h light:18 h darkness) were injected with 5 IU pregnant mare serum gonadotropin (PMSG) (Sigma, St Louis, MO, USA). Animals were then killed at 24 h or 48 h following injection. Additional groups of animals were injected with 5 IU human chorionic gonadotropin (hCG) (Sigma) 48 h after receiving PMSG, and were then killed 6 h, 12 h, 24 h and 48 h later. All animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Figure 1
In situ hybridization of inhibin -subunit mRNA in long day (LD) and short day (SD) PMSG-and hCG-stimulated ovaries. The bright-field images show sections from ovaries hybridized with antisense 32 P-UTP-labeled riboprobes directed against inhibin -subunit. (A-D) -Subunit mRNA expression in LD PMSG-and hCG-stimulated ovaries. In the LD immature ovary, follicles of 410-520 µm in diameter developed (arrow in A). In PMSG-stimulated LD hamsters, two follicle populations developed, follicles >600 µm in diameter (arrowheads in C and D) and follicles 350-590 µm in diameter (thin arrows in B and C). (E-H) -Subunit mRNA expression in SD PMSGand hCG-stimulated ovaries. In the PMSG-stimulated SD hamsters, a single population of follicles, 340-560 µm in diameter, was observed (arrowheads in F and G). Additionally, fewer follicles developed than in LD ovaries (arrowheads in G and H), and morphological evidence of luteinization was apparent (thin arrows in F, G and H). The scale bar in panel H also applies to panels A-G.
In situ hybridization, protein extraction, Western blot analysis, and hormone assays
The in situ hybridization, protein extraction, Western blot analysis, and hormone assay procedures were conducted as described in the companion paper (Kenny et al. 2002) .
Statistical analyses
Values are reported as means S.E. Correlations between inhibin A and inhibin B levels in ovarian homogenates and serum of LD and SD PMSG-and hCG-treated hamsters were determined using simple linear regression analyses. In all cases P<0·05 was considered significant. Paired comparisons were made using paired t-test.
Results
Regulation of follicle development in ovaries collected from PMSG-stimulated female Siberian hamsters housed under long and short days LD and SD female Siberian hamsters were injected with PMSG (a source of FSH) to induce follicle maturation and hCG to induce ovulation and luteinization. PMSG stimulation caused an increase in follicle size in the ovaries of LD hamsters (Fig. 1A-C) . Inhibin -subunit mRNA was detected in follicles >250 µm in diameter. Two populations of follicles developed as a consequence of PMSG stimulation in LD hamsters. Follicles greater than 600 µm in diameter developed 48 h after PMSG stimulation (Fig. 1C) . These follicles were designated large preovulatory follicles, and the inhibin -subunit was much less abundant in mural and cumulus cells of these follicles than in Graafian follicles (Fig. 2 A-D) . The second population of follicles induced by PMSG was between 250 and 480 µm in diameter. Inhibin -subunit expression was located throughout the granulosa cells of these follicles ( Fig. 2C and D) . As a consequence of an ovulatory dose of hCG, a further increase in follicle size was detected (Fig. 1D) .
One population of follicles developed as a consequence of PMSG stimulation in the SD hamsters, and these follicles expressed -subunit uniformly throughout the granulosa cell layer. The ovaries of 7-week-old SD females contained follicles up to 420 µm in diameter (Fig. 1E ). Fewer follicles developed in the SD animals in response to PMSG when compared with the LD animals ( Fig. 1B and  F) , although the inhibin -subunit mRNA was expressed at comparable levels in antral follicles of these animals ( Fig.  2C and F) . Morphological evidence of luteinization was apparent throughout the ovarian tissue after 24 h of PMSG treatment in the SD hamsters (Figs 1F and 2E) . Follicle size increased by 48 h of PMSG stimulation, but large preovulatory follicles were absent in the short photoperiod ovary (compare Fig. 1G with 1C) . After 48 h of PMSG stimulation and 6 h of hCG stimulation, most follicular granulosa cells had a distinctive luteinized morphology in the SD ovaries (Fig. 1H ).
To determine if the A -subunit was regulated in a similar fashion, adjacent ovarian sections from LD hamsters were hybridized to inhibin -and A -riboprobes. As was observed for the -subunit, the A -subunit mRNA abundance was lower in the large preovulatory follicles than in follicles <600 µm in diameter (Fig. 3H, I and J). Inhibin -subunit signal was greater than the A -subunit in all size classes of the follicles of the 25-day-old hamster ( Fig. 3A and F). PMSG stimulation caused an increase in follicle size and an increase in the expression of both inhibin subunits (Fig. 3B , C, G and H). The consequence of an ovulatory dose of hCG on inhibin -and A -subunit expression was also compared. A further increase in follicle size was detected after 48 h of PMSG stimulation and 6 h of hCG stimulation, and oocyte bridges were still intact in the follicles ( Fig. 3D and I) . By 12 h of hCG treatment inhibin subunit expression was decreased (Fig. 3E and J, Fig. 4B, D, F and H) . Histologically, there was evidence of dispersion of cumulus cells (arrows, Fig. 4E and G) and the oocytes were found in the center of the follicle. By 12 h after injection of hCG corpora lutea were present (data not shown), indicating that ovulation had occurred. 
Regulation of inhibin protein translation in ovaries from PMSG-stimulated Siberian hamsters
Production of the inhibin subunits was investigated in PMSG-stimulated LD and SD hamsters by protein blot analyses (Figs 5-7) . The protein content of each lysate was measured and equal amounts of protein were loaded onto each gel.
Treatment with PMSG (24 h and 48 h) and PMSG+ hCG (48 h/6 h) stimulated the dominant precursor forms of dimeric inhibin in the ovaries of LD females (Fig. 5A , black arrowheads). The level of the precursor forms of dimeric inhibin decreased 12 h following hCG treatment. Mature dimeric inhibin ( C/ ) was detected at lower levels than the precursor forms as illustrated in the right hand blot of Figs 5A and 7A. Samples were reduced to determine the change in inhibin -, A -and Bsubunit production in ovarian lysates in response to treatment (Fig. 5B-D) . The inhibin -subunit was detected as three different forms, potentially a nonglycosylated, a monoglycosylated ( C) and a precursor protein ( N C) (Fig. 5B) . The same pattern as observed for the Figure 3 In situ hybridization of inhibin -subunit and inhibin A -subunit mRNA levels in adjacent ovarian sections of LD PMSG-and hCG-stimulated hamsters. The dark-field images presented in panels A-J show adjacent sections hybridized with antisense riboprobes directed against inhibin -subunit (A-E) or inhibin A -subunit (F-J) respectively by in situ hybridization. The two follicle populations that developed are follicles >600 m in diameter (arrowheads in C-E) and follicles 350-590 m in diameter (thin arrows in A-E). The scale bar in panel J also applies to panels A-I. dimeric inhibin was also noted for all forms of the inhibin -subunit following PMSG treatment, with a further increase 6 h post hCG treatment and a decrease 24 and 48 h post hCG treatment (Fig. 5B) .
The inhibin A -subunit was detected as mature ( A ) and precursor proteins (pro A ), both of which showed a slight increase following 48-h PMSG treatment and a decrease following 12-h hCG treatment in ovaries of LD females (Fig. 5C ). The inhibin B -subunit was detected as mature ( B ) and precursor proteins (pro B ) which showed a slight increase following PMSG (48 h) and PMSG/hCG (48 h/6 h) and decreased following 12-h hCG treatment (Fig. 5D) . Mature A -and B -subunit proteins were detected at time 0 in the absence of detectable mature -subunit ( C). The patterns of protein production in the ovaries of SD females were different from those of LD females following PMSG/hCG stimulation. Dimeric inhibin, as well as -, A -and B -subunits production increased 48 h after PMSG stimulation and decreased 12 h after hCG treatment in SD ovaries (Fig. 6A-D) . Mature dimeric inhibin ( C/ ) was detected in LD unstimulated and 48-h PMSG-stimulated hamster ovaries and in SD 48-h PMSG-stimulated hamster ovaries (Fig. 7A) . A potential difference in glycosylation of the mature -subunit was observed in ovaries of LD and SD PMSG/hCG-treated hamsters (Fig. 7B) . The -subunit was only detected as a higher molecular weight mature protein, a potentially glycosylated form ( C) and a precursor protein ( N C) in the SD PMSG/hCG-stimulated hamster compared with the lower molecular weight protein, a potentially nonglycosylated form of the mature -subunit ( C) found in the LD PMSG/hCG-stimulated hamster (Fig. 7B) . The ovary of the SD PMSG/hCG-stimulated hamsters produced more -subunit than the A -and B -subunits (Fig. 6B-D) . Dimeric inhibin levels and -subunit levels are higher in the ovarian lysates throughout the PMSG/hCG stimulation time course of LD hamsters than in SD hamsters ( Fig. 7A and B) .
Production of dimeric inhibin A and inhibin B were in ovarian extracts from LD and SD PMSG-and hCGtreated Siberian hamsters ( Fig. 8A and B) . In the LD hamsters, ovarian inhibin levels increased 24 h following PMSG treatment and continued to increase until both ligands were downregulated 6 h after hCG (Fig. 8A) . Inhibin B levels were higher during PMSG stimulation. In the SD PMSG-stimulated hamsters, the concentration of ovarian inhibin was significantly lower than in the LD.
Regulation of inhibin A and B secretion in PMSG-stimulated female Siberian hamsters
Serum inhibin levels were measured from LD and SD PMSG-and hCG-treated Siberian hamsters (Fig. 8) . In the LD hamsters, serum inhibin levels increased 24 h following PMSG treatment and continued to increase until both ligands were downregulated 12 h after hCG treatment (Fig. 8C ). An increase in inhibin B alone was detected 24 h following hCG treatment at which time newly recruited follicles were detected (Fig. 8C) . In the SD PMSG-stimulated hamster, the concentration of inhibin secreted in the serum was significantly lower than in the LD (Fig. 8D) .
Discussion
The immediate goal of this study was to investigate how FSH regulates inhibin synthesis and secretion and, in turn, contributes to the overall regulation of the reproductive axis in Siberian hamsters. In order to examine the regulation of inhibin A and inhibin B during follicle development, female Siberian hamsters reared under LD or SD were stimulated with PMSG, and inhibin synthesis and secretion were measured. Our initial hypothesis proposed that a deficiency of FSH limited follicular growth in both immature LD females and photo-inhibited seven-week-old SD females. If the deficiency in FSH limited follicular development, then the ovaries from both groups of females should respond similarly to PMSG. FSH stimulates the production of gonadal inhibins which, in turn, feedback to the pituitary to inhibit FSH synthesis and secretion (Woodruff et al. 1996 , Bernard et al. 2001 . Because serum FSH levels are higher in LD than in SD hamsters as shown in the companion paper (Kenny et al. 2002) , we hypothesized that inhibin may be differentially regulated in different photoperiods. Several important and novel observations were made including the ability of young (three-week-old), immature female hamsters reared in long day lengths to immediately respond to PMSG by synthesizing and secreting inhibin A and inhibin B. Conversely, older Siberian hamsters in which reproductive maturation had been suppressed by exposure to short photoperiods do not secrete significant quantities of inhibin A or inhibin B following treatment with PMSG. Thus, FSH alone is not sufficient to stimulate a normal ovulatory cycle in SD animals.
PMSG-mediated follicle development in the immature LD Siberian hamster differed somewhat from follicle development in rats and mice stimulated with exogenous hormone (Parkening 1990 , Jih et al. 1993 , Hubbard & Rojas 1994 , O'Shaughnessy & Gray 1995 , Yaron et al. 1998 . Specifically, one population of follicles developed quickly and did not sustain inhibin subunit expression after reaching a size averaging 600 µm. A second population grew steadily, reaching nearly 500 µm, and expressed the inhibin subunits throughout the granulosa cell layer. It is not clear why two populations of follicles, with apparently different growth rates and inhibin production were stimulated in response to FSH. In the SD animals, a large number of luteinized follicles were observed that did not express the inhibin subunits and only small follicles developed in response to hormone injection. In those follicles that did respond to PMSG by granulosa cell proliferation, the inhibin subunits were stimulated in a pattern consistent with LD follicles. The differential response of the ovaries to FSH in terms of follicle selection and granulosa cell proliferation was not anticipated and will be further investigated in future studies.
Little inhibin dimer or free -subunit is detected in ovarian homogenates of 25-day-old LD females. At the same time, both the A -and B -subunits are detected suggesting that the immature ovary is capable of producing activin A, activin AB, or activin B but not inhibins. Twenty-four hours after PMSG stimulation, inhibin -subunit is induced and dimeric inhibin is detected. The -subunits are not significantly induced by PMSG. Thus, the ovary may go from a relatively activin dominated environment to an inhibin dominated environment. Assays that recognize the various forms of activin in ovarian homogenates will clarify whether these subunits are, in fact, assembled into bioactive ligands.
The major form of inhibin that is detected in ovarian lysates from LD females is the pro-C/ form. Little or no mature inhibin, i.e. C/ , is detected in the ovarian lysates unless large amounts of protein are analyzed. Even under these conditions, the mature dimer does not accumulate to any appreciable level within the ovary. Thus, it is possible that the mature form is secreted immediately from the ovary in LD animals. Consistent with this prediction is our ability to detect rising levels of inhibin A and inhibin B in the peripheral circulation following PMSG stimulation. Moreover, the serum levels of these hormones fall following 6-12 hours of hCG stimulation, consistent with the observed declines in subunit mRNA levels.
To determine whether FSH is the only agonist necessary to stimulate inhibin secretion from the ovary, SD animals were challenged with PMSG. SD and LD animals were raised until weaning on normal long-day conditions. At three weeks of age SD animals were exposed to inhibitory short photoperiods for five weeks. Thus LD and SD animals had the opportunity to develop similarly through weaning. The exposure to short days inhibits further reproductive maturation. Interestingly, a single form of the -subunit, but neither -subunit, was detected in ovarian lysates from SD females. Upon hormone stimulation, all three subunits were induced; however, little inhibin A or inhibin B was detected in serum samples. Thus, although the subunits were induced by FSH, the processing and secretion of dimeric inhibins was quantitatively, if not qualitatively, different from that observed in LD animals. It is possible that the ovaries were less sensitive to FSH; however, when directly compared, the abundance of pro-C/ was similar in both sets of animals 48 hours following PMSG treatment. This suggests that some other factor is necessary to regulate the final stages of processing and secretion of mature inhibin in the SD females. These results also suggest that exposure to short days does not simply result in the arrest of ovarian development, but may cause significant changes in endocrine signaling mechanisms within the ovary.
To examine whether the follicles stimulated by PMSG in LD and SD hamsters were able to respond to hCG two endpoints were examined: presence of corpora lutea (CL) and down-regulation of inhibin subunit mRNA and protein. Luteal tissue was detected in the hCG-treated ovaries of LD animals and inhibin subunit transcription was transiently stimulated and then suppressed. Serum levels of inhibin A and inhibin B fall following 6-12 hours of hCG stimulation, consistent with the observed decline in subunit mRNA levels in LD animals. No CL were detected in SD animals, but extensive luteinization of the granulosa cells was detected. Little change in inhibin biosynthesis or secretion was detected in response to hCG in SD animals. These results suggest that the SD granulosa cell is sensitive to hCG and can become luteinized; however, despite the growth of follicles up to 400 µm these follicles are not able to undergo the processes leading to ovulation. These results confirm our conclusion that factors in addition to the gonadotropins are necessary to stimulate follicle development in the SD hamster.
One of the interesting findings from this study is the rise of inhibin A prior to inhibin B in response to the initial dose of PMSG, followed by an increase in inhibin B at 24 hours of PMSG plus hCG treatment in LD hamsters. The precise site of inhibin B synthesis has not been determined; however, this study suggests that the follicles that initially respond to FSH and that will ovulate produce inhibin A. Once the follicle population has been primed, inhibin B is produced in excess of inhibin A and likely represents secretion from follicles that will be selected in the subsequent cycle. The biosynthesis of inhibin A and inhibin B is highly regulated and one feature of the follicles that are present in the immature ovary is that they are not yet capable of inhibin B secretion.
While a number of rodent species, including the Siberian hamster (Phodopus sungorus) and the Syrian hamster (Mesocricetus auratus), have photoperiod-regulated reproductive function, the regulation of reproductive activity in the Siberian hamster is particularly interesting due to variations in its response to other environmental cues. For example, the presence of an opposite sex partner can alter reproductive function in the female Siberian hamsters. In the absence of a male, the female Siberian hamster does not have normal estrous cycles (Finley et al. 1995 , Debeljuk et al. 1995 . When a male is introduced to the environment, the female responds by initiating and maintaining successive estrous cycles (Finley et al. 1995 , Murray & Laprise 1995 , Debeljuk et al. 1995 , McMillan & Wynne-Edwards 1999 . More intriguingly, the average litter size of the Siberian hamster is five and it has been reported that these animals cannot be superovulated with PMSG (Parkening 1990 , Parkening & Collins 1991 , Murray & Laprise 1995 . We did not count the number of oocytes present in the oviduct in the present study, but it was clear that the granulosa cells luteinized in response to hCG but not in response to ovulation. Thus, even in follicles that began the process of development, they were not able to respond to the normal cues of FSH and hCG. Therefore, some other factor must contribute not only to inhibin assembly and secretion but to the process of follicle maturation in this species. These factors may include a pheromone through the introduction of a male, repeat injections of FSH, or some other factor.
Figure 7
Western blot analysis directly comparing inhibin and inhibin -subunit production in the ovaries of LD and SD PMSGand hCG-stimulated hamsters. (A) Immunoblot analysis of ovarian extract under nonreducing conditions using the -subunit polyclonal antibody. Inhibin was detected as a mature dimer ( C/ and asterisks), a mature -subunit ( C) and in precursor forms. This blot was overexposed to illustrate the presence and low levels of mature dimeric inhibin in these PMSG/hCG-treated hamsters. The standard, rh-inhibin A, was detected as a mature dimer ( C/ ) and its precursor forms. (B) Immunoblot analysis of ovarian extracts under reducing conditions using the -subunit polyclonal antibody. Two mature forms ( C) and a precursor form ( N C) of the -subunit were detected (asterisks). The standard, rh-inhibin A, was detected in its nonglycosylated, diglycosylated and precursor forms.
In the wild, there are a number of additional cues that may come into play to allow resumption of normal ovulatory cycles. The presence of a male may impact the female reproductive tract in a way that had not previously been observed. Alternatively, the slow and steady rise of FSH following stimulation with long days (Kelly et al. 1994 , Meredith et al. 1998 , Bernard et al. 2000 may have the effect of priming the ovary by stimulating the expression of a number of factors including inhibin processing enzymes that may be necessary for normal follicle development. The steady state levels of the FSH receptor has not been investigated in the ovaries of long and short photoperiod Siberian hamsters, so the photoperiod differences observed here may reflect differential sensitivity of the ovary to PMSG (FSH). We do not favor this conclusion since inhibin mRNA can be synthesized in response to FSH. The results suggest that the ovaries of SD hamsters are not merely in an immature stage -rather, the follicles are somehow made resistant to the stimulation of an FSH surge. It is possible that this is necessary for the life history strategies of hamsters in the wild. For example, the animal must receive both a cue to stimulate follicle maturation and have available a male in the environment with whom to mate. In this manner, the ovary does not lose germ cell potential in useless ovulatory cycles.
In conclusion, the results of the current studies indicate that basal inhibin expression is photoperiod-dependent and that daylength regulates the ovary's responsiveness to exogenous gonadotropins. Future studies will investigate the additional factors which are necessary to regulate follicle development and inhibin biosynthesis in the SD animal. Further, it will be important to explore whether the mechanisms involved in making an SD ovarian follicle competent to respond to FSH are conserved in non-photoperiodic species.
